A high-performance liquid chromatography method coupled with an evaporative light scattering detector (ELSD) was validated for the determination of γ-aminobutyric acid (GABA) in rambutan fruit without any sample pretreatment or derivatization. In the concentration range of 0.05-1.0 mg/mL GABA, the ELSD response was linear with a correlation coefficient (r) >0.999. Limit of detection and limit of quantitation were found to be 0.7 and 2.0 µg/mL, respectively. The method enabled the complete separation of GABA in the aqueous extract of rambutan flesh from the impurity peaks at 45.7 min. The recoveries of sample added GABA were obtained in the range of 92.0-99.3%. Intraday and interday relative standard deviations were <5.3%. Repeatability of the extraction process showed the acceptable precision. From the analysis of GABA content in rambutan flesh, 0.71 ± 0.23 mg of GABA was found in 1 g fresh weight. The recovery of GABA after passing through the Dowex 50W-X8 column was 96.65%. The analytical methodology could be potentially applied to the detection and quantification of GABA in other fruits and complex matrices when a sufficient quantity is available.
Introduction
Rambutan (Nephelium lappaceum Linn.) is a tropical fruit belonging to the same family as the subtropical fruits lychee and longan, the Sapindaceae family. Rambutan fruit is a good source of natural sugars and offers modest amounts of potassium, calcium, magnesium, vitamin C, several B vitamins and fiber. In addition to these nutritional benefits, almost every part of the rambutan fruit is used in traditional medicine for a number of ailments (1, 2) .
In 2011, total production of rambutan fruit of Thailand reached 307,342 tons and required an area of 52,915.20 ha (3) . Among the ASEAN member countries, only Malaysia and Thailand export rambutan. Thailand exports fresh and processed rambutan to Asian and European countries. Rambutan-producing provinces of Thailand are Chanthaburi, Rayong, Trat, Prachin Buri, Surat Thani, Chumphon and Nakhon Si Thammarat (2) . The commercial cultivars include Rongrian and Si Chomphu.
Numerous studies have been carried out to investigate the biological properties exhibited by rambutan, such as antimicrobial property (4), antioxidant property (5-7), anti-hyperglycemic potential (7) (8) (9) , antiHerpes Simplex virus activity (10, 11) , cytotoxic activity (12) , antiinflammatory activity (13) and antidiabetic activity (14) . As far as our literature survey could ascertain, no scientific studies on γ-aminobutyric acid (GABA) of rambutan fruit have been previously published.
GABA is recognized as the most important inhibitory neurotransmitter in the central nervous system (CNS) of vertebrate. It acts like a brake to the excitatory neurotransmitters that lead to anxiety. The effects of GABA to induce relaxation and diminish anxiety in humans could enhance immunity under stress conditions (15) . It also lowers blood pressure, acts as a diuretic, improves long-term memory and affects insulin secretion in a manner that counteracts diabetes (16) . Due to GABA's potential health benefit, developing efficient processes for maximum production of GABA for pharmaceuticals and functional foods has been widely researched. Examples include anaerobicincubated tea leaves (17) , Monascus-fermented rice (18) , germinated brown rice (19) , dairy and fermented milk products (20, 21) , shochu and gammalone.
Shochu is a Japanese traditional hard liquor, distilled spirits made from grains and vegetables. The most common base ingredients are sweet potato, barley, rice, buckwheat and sugar cane. Tsuchiya et al. (22) attempted to enrich the GABA concentration in Shochu-residue by employing a continuous-flow type stirring reactor using the glutamate decarboxylase-induced Aspergillus oryzae mycelia. Gammalone, gammalon, gammasol and Oryza GABA extract HC 90 are brand names of GABA. Gammalon 250 mg is the product of Daiichi Pharmaceutical Co., Ltd (Japan). It helps to increase productivity of thinking, improves memory, has a soft stimulating effect, reduces and stabilizes high blood pressure and normalizes sleep (23, 24) .
Since GABA is not an α amino acid and is not incorporated into proteins, it is a nonprotein amino acid. In nature, it is widely distributed in species ranging from microorganisms to plants and animals. In 1949, Roberts and Frankel (25) reported the discovery of GABA in the brain extract. It is the most abundant neurotransmitter in the inhibitory synapse in CNS. It plays a major role in human health. GABA is also found in plant tissues, such as tea (17) , soybean seedling (26) , radish leaves (27) and germinated brown rice (19) . Accumulation of GABA in plant is a metabolic response to environmental stress conditions, such as mechanical stimulation, damage, cold shock (28), heat shock (29) , water stress (30) and drought stress (31) . In microorganisms, GABA was first identified as a biochemical substance in 1910 by Ackermann (32, 33) . A number of microorganisms of bacteria and fungi can produce GABA, especially lactic acid bacteria (LAB) are the important GABA producers. Various strains of LAB have been proven effective for GABA production, such as Lactobacillus paracasei PF6 (34), Lactobacillus delbrueckii subsp. bulgaricus PR1 and Lactococcus lactis PU1 (35) .
Hydrophilic interaction liquid chromatography (HILIC) is a separation technique suitable for polar and hydrophilic compounds, such as biomarkers, neurotransmitters, nucleosides, nucleotides, amino acids, peptides, proteins, oligosaccharides and carbohydrates. HILIC has seen a substantial increase in popularity over the last decade, driven by the increase in the development of polar drugs within the pharmaceutical industry and also the growing field of metabolomics. HILIC has many specific advantages over conventional normal-phase liquid chromatography (NP-LC) and reversed-phase liquid chromatography (RP-LC). HILIC is suitable for analyzing highly polar compounds in complex matrices that always elute near the void volume in RP-LC. HILIC overcomes the drawbacks of the poor solubility often encountered in NP-LC because polar samples always show good solubility in the aqueous mobile phase used in HILIC (36) (37) (38) (39) .
GABA's chemical formula is C 4 H 9 NO 2 , found mostly as a zwitterions with both the carboxy group deprotonated and the amino group protonated (Figure 1 ) (40). It is not retained well on reversed-phase columns since it has high polarity. HILIC with an aqueous mobile phase of high organic solvent (70-90%) can be used to retain GABA. Due to the lack of a chromophore or fluorophore in the structure of GABA, pre-or postcolumn derivatization is required to improve separation for detection with UV (41) or fluorescence (42), respectively.
The evaporative light scattering detector (ELSD) eliminates the need for derivatization. Since the response of ELSD does not depend on the analyte's optical properties, the analyte does not require a chromophore or fluorophore for detection. ELSD can detect almost all compounds that are less volatile than the mobile phase and whether or not they absorb UV light. A big advantage over refractive index detection is that the ELSD response is independent of the solvent, so it can be used under gradient elution and is not sensitive to temperature or flow rate fluctuations. The disadvantages of ELSD, however, are low reproducibility, a slightly low sensitivity to low molecular weight components and the non-linearity of the detector. Linearity can be limited in some applications but is certainly quantitative over a wide enough range if properly calibrated (43) (44) (45) (46) .
The principle of ELS detection involves a three-step process including nebulization of the column effluent to form an aerosol, solvent evaporation within a heated drift tube and detection of the nonvolatile solute particles in the light scattering cell generating a signal proportional to sample mass (44) .
The objectives of this study were to determine the presence of GABA in the rambutan fruit flesh using high-performance liquid chromatography (HPLC)-ELSD and to separate it by ion exchange chromatography. The scientific data obtained from this study will provide the valuable information for future research and development of rambutan fruit as an important functional food and nutraceutical.
Experimental
Chemicals and materials α-Aminobutyric acid (AABA), β-aminobutyric acid (BABA) and GABA were purchased from Sigma-Aldrich (St. Louis, USA). HPLC-grade acetonitrile was purchased from BDH (Lutterworth, UK). Water was purified by a Milli-Q plus system from Millipore (Bedford, USA). Dowex 50W-X8 (strongly acidic cation exchanger, H + form) was purchased from Merck (Darmstadt, Germany). Nylon membrane filters ( pore size 0.45 µm, diameter 47 mm) were purchased from Whatman ® (Maidstone, UK).
Preparation of GABA standard solution and rambutan flesh extract
The GABA standard solution was prepared by dissolving 10 mg of GABA in 10 mL of Milli-Q water and then diluted with Milli-Q water to make the concentrations of 0.8, 0.6, 0.4, 0.2, 0.1 and 0.05 mg/mL, respectively. All solutions were filtered through 0.2 µm nylon syringe filters to remove small particles and kept at −80°C until use. Mature rambutan fruits (cultivar Rongrian) were purchased from Talaad Thai wholesale market, Khlong Luang District, Pathum Thani Province. Rambutan fruits were cleaned by rinsing under running water and pat them dry with paper towels. Pure rambutan fruit flesh samples were obtained from randomly selected rambutan fruits by peeling off the outer skin and removing the seeds. The rambutan flesh was cut into small pieces, mixed together, frozen in liquid nitrogen and kept at −80°C. For GABA extraction, frozen pieces of rambutan flesh were ground into a fine powder using a mortar and pestle and liquid nitrogen. A 10 g sample of the finely ground rambutan flesh was weighed accurately and placed into a 100-mL Erlenmeyer flask. Using a pipette, Milli-Q water was added to the flask at a ratio of 1 : 1 (w/v). The opening of the flask was then covered with aluminum foil and sealed with parafilm. The sample was shaken at 40°C at 200 r.p.m. for 2 h in an orbital incubator shaker model Bio-Shaker BR-15 (Taitec Corporation, Japan). After shaking, the sample was centrifuged at 8,635 × g for 15 min using a refrigerated centrifuge model Sorvall RC 5C Plus (Thermo Fisher Scientific, Inc., USA). The supernatant was then gently decanted into 25-mL graduated cylinders and the actual volume was recorded. An aliquot of 1 mL of the supernatant was filtered through a 0.2-µm nylon syringe filter into a 1.5-mL microcentrifuge tube and kept at −80°C until the HPLC-ELSD analysis was carried out.
Chromatographic conditions
The liquid chromatography system consisted of a binary pump, a manual sample injector and an Acme 9000 vacuum degasser and mixer (Young Lin Instrument, Korea) equipped with an Alltech ® 3300 ELSD (Alltech Associates, Inc., USA). Normal purity nitrogen (99.9%) was used as the nebulizing gas at a flow rate of 4.0 L/min. The gas pressure was 70 psi. The drift tube temperature was 40°C and the gain was set at 1. All instrument control, analysis and data processing were done via Young Lin Autochro-3000 Chromatography Data System software. Chromatographic separation was performed on the Inertsil ® NH 2 HPLC column (250 × 4.6 mm ID, 5 µm particle size) (GL Sciences, Inc., Japan) and the VertiSep™ AQS NH 2 HPLC guard cartridge (10 × 4.6 mm ID, 5 µm particle size) (Vertical Chromatography Co., Ltd, Thailand). The gradient elution program was implemented as shown in Table I . The flow rate was maintained at 1 mL/min and the injection volume was 10 µL.
Validation of the analytical method
The analytical method was validated for linearity, range, limit of detection (LOD), limit of quantitation (LOQ), accuracy, precision and specificity parameters according to the International Conference on Harmonisation (ICH) guidelines (47) . The range of the analytical method was obtained during the linearity and accuracy studies. The precision data used for this assessment were the precision of the analysis of five injections at each amount of added GABA in the accuracy study. The acceptable range was defined as the concentration interval over which linearity, accuracy and precision were obtained with acceptance criteria.
Linearity and range
LOD and LOQ LOD and LOQ for GABA were calculated from the linearity data using residual standard deviation (SD) of the regression lines and slope of the calibration curves on the basis of the equations given below (47 
Accuracy
The accuracy of the analytical method was determined by a standard addition method. Ten milligram samples of finely ground rambutan flesh were spiked with different known amounts of GABA and compared with unspiked samples. GABA was extracted from the spiked and unspiked samples as described above. For each amount of added GABA, five injections were measured. Recovery of GABA was calculated by the following equation and the acceptance criteria of the percent recovery were 90-107%.
Recovery ð%Þ ¼ ðamount of GABA in spiked sample À amount of GABAin unspiked sampleÞ × 100 amount of added GABA ð3Þ
Precision
The precision of the analytical method was determined by repeatability (intraday) and intermediate precision (interday). Injection repeatability was determined by analyzing five injections at each amount of added GABA in the accuracy study on the same day. Repeatability of the extraction process (analysis repeatability) was also determined by extraction of GABA from 10 g of 10 replicate samples of rambutan flesh under the stated experimental condition and analysis on the same day. The intermediate precision of the method was assessed by carrying out the analysis on two different days. The SD and relative standard deviation (RSD) were calculated for each day. The acceptance criterion was a value of %RSD <5.3%. In order to evaluate the results from the two different days, the results were analyzed by means of a one-way analysis of variance (ANOVA) at 95% confidence interval.
Specificity
The specificity of the method was determined by analyzing the isomers of GABA standard and rambutan flesh extract. To evaluate the ability of the analytical method to separate GABA from its isomers, a mixture of AABA, BABA and GABA was used. The concentration of each isomer in the mixture was 0.8 mg/mL.
Separation of GABA from the aqueous extract of rambutan flesh on the Dowex 50W-X8 column
Preparation of Dowex 50W-X8 resin (cationic exchange resin) Twenty-five grams of Dowex 50W-X8 resin were suspended in 100 mL deionized water. When the resin had almost completely settled, the supernatant was decanted. This step was repeated five times. The resin was then rinsed twice with 60 mL 95% ethanol to remove ethanol soluble impurities, and further rinsed twice with 60 mL 2 N HCl. The resin was then suspended in 100 mL 2 N HCl by heating for 30 min in a boiling water bath. Following heating, the resin was cooled and the remaining supernatant was decanted. This operation was repeated about four times or until supernatant was clear and colorless. Then, the resin was washed with deionized water until the pH of the supernatant was the same as that of the water being added. Finally, the resin was packed into a 5-mL disposable plastic syringe at a flow rate of 0.8 mL/min and the Dowex 50W-X8 column was kept in 4°C until use (48) .
Separation of GABA on the Dowex 50W-X8 column The procedure described by Cooper (48) , with minor modifications, was used to separate GABA on the Dowex 50W-X8 column. GABA was extracted from rambutan flesh as described above. Five-milliliter aliquot of the aqueous extract of rambutan flesh was applied to the Dowex 50W-X8 column and the extract was incubated in the column for 10 min. The column was washed with deionized water at a flow rate of 0.8 mL/min until no peaks appeared in the effluent. GABA was then eluted with 2 N NH 4 OH until no GABA peak was detected in the ammonium hydroxide eluate. The effluent and the eluate from the Dowex 50W-8X column were collected in 4-mL fractions in individual test tubes manually and samples from the test tubes were taken to determine GABA using HPLC-ELSD. The fractions in the test tubes containing GABA were pooled to determine actual volume. A 1-mL aliquot of the pooled GABA-containing fractions was used for further determination of GABA with HPLC-ELSD and the yield of GABA from separation on the Dowex 50W-8X column was calculated. The column was then washed with deionized water until the pH of the effluent was the same as that of the water being added. The column ends were sealed and stored at 4°C for future reuse if needed.
Results

Linearity, range, LOD and LOQ
From Figure 2 , it was found that the injected GABA concentration range of 0.05-1.0 mg/mL resulted in a linear ELSD response with a correlation coefficient (r) 0.9994. The acceptable range for the assay was 0.4-1.0 mg/mL. The LOD and LOQ values were found to be 0.7 and 2.0 µg/ mL, respectively. The results revealed that the HPLC-ELSD method was a precise and sensitive method for the quantitative evaluation of GABA.
Accuracy
The accuracy of the method was evaluated by the recovery study as described in Validation of the analytical method section. As shown in Table II , the percent recoveries of GABA were found to be in the range of 92.0-99.3%, demonstrating that the accuracy of the analytical method was acceptable.
Precision
The precision of the GABA extraction was calculated as the %RSD which was 3.24% for 10 replicate extractions as shown in Table III .
From the analysis of GABA content in rambutan flesh, 0.71 ± 0.23 mg of GABA was found in 1 g fresh weight.
The %RSD values of intraday and interday precision were <5.3% as shown in Table IV . These results indicated that the analytical method showed acceptable repeatability. The ANOVA proved that there was no significant difference between the results obtained on the two different days.
Specificity
The analytical method was capable of distinguishing between the three individual isomers. The chromatogram in Figure 3 shows the separation of GABA and its isomers, with AABA eluted first followed by BABA and GABA. The representative HPLC-ELSD chromatogram of the aqueous extract of rambutan flesh shown in Figure 4 demonstrates that there was no interference at the retention time (RT) of GABA. The results indicated that the analytical method was selective and specific enough to distinguish and quantify GABA from a complex fruit extract. Separation of GABA from the aqueous extract of rambutan flesh on the Dowex 50W-X8 column
After extraction of rambutan flesh with water, 5-mL of a filtered sample extract was passed through the Dowex 50W-X8 column. GABA was eluted with 2 N NH 4 OH at a flow rate of 0.8 mL/min. Of the 4 mL effluent and eluate fractions collected, the 23rd, 24th and 25th fractions containing GABA were pooled. The HPLC-ELSD chromatogram of GABA in the pooled fractions (fraction nos 23, 24 and 25) resulted in high GABA recovery of 96.65% obtained from the column, as shown in Figure 5 . The column recovery was as high as that obtained by Carmona et al. (49) . From Figures 4 and 5 , it was noticed that a lot of impurities in the aqueous extract of rambutan flesh were removed after passing through the Dowex 50W-X8 column, and only two peaks of impurities ( peaks 1 and 2) were observed in the ammonium hydroxide eluate. Furthermore, elution of GABA with NH 4 OH was suitable for further analysis of GABA eluate with HPLC-ELSD since NH 4 OH is a highly volatile compound with no effect on the ELSD signal.
Discussion
HILIC separation
The Inertsil ® NH 2 is the charged stationary phase containing polar functional groups, aminopropyl, bonded to silica gel (SG-NH 2 ) with the primary amino groups that are positively charged and show high affinity for anionic acid compounds. In the HILIC mode of separation, the mobile phases include water-miscible polar organic solvent such as acetonitrile with a small amount of water. The mobile phases were used for the separation of GABA, consisting of Solvent A (acetonitrile) and Solvent B (water). The gradient elution profile for Solvent A was 80-75% in 0-17 min, 75-80% in 17-20 min and isocratic 80% in 20-60 min. Under this condition, most impurities such as glucose, fructose and sucrose which are the principal sugars in rambutan can be separated from GABA without any interference with each other. Sugars (RT = 7.5333-23.7667 min) were eluted much earlier than GABA (RT = 45.6333) when the water content in the mobile phase was increased up to 25% ( Figure 6 ). GABA interacted more strongly with the aminosilica stationary phase than sugars when the mobile phase contained high level of organic solvent. These indicated that an additional retention Table I ). The flow rate was maintained at 1 mL/min and the injection volume was 20 µL. The flow rate of the nebulizing gas was 4.0 L/min. The drift tube temperature was 40°C and the gain was set at 1. Peaks: 1-ribose, 2-psicose and xylose, 3-fructose, 4-arabinose, 5-mannose, 6-galactose, 7-glucose, 8-sucrose, 9-maltose and 10-isomaltose and lactose.
mechanism in HILIC, such as electrostatic interactions, affected mainly the retention of ionic or ionizable polar analytes on the HILIC stationary phase containing cationic, anionic or zwitterionic groups, in addition to hydrogen bonding between hydroxyl groups of the analyte and a waterrich layer on the surface of the stationary phase (50) (51) (52) . Furthermore, residual silanols on the silica surface may influence the separation of polar analyte, especially basic compounds and biopolymers, because of the strong polar interactions between their basic groups and the ionized residual silanols of the support (38).
ELSD response
As mentioned above, the principle of ELS detection involves a threestep process including nebulization, evaporation and detection. Therefore, several parameters can influence the ELSD response such as the flow of the nebulizing gas, nebulizer gas pressure, composition of the mobile phase and drift tube temperature. The ELSD response curve is typically complex and often sigmoidal upon increasing analyte concentrations with a narrow linear range. The linear calibration curve is constructed by plotting the logarithm of peak areas against the logarithm of concentrations. Underestimation at lower analyte concentrations and overestimation at higher concentrations can occur if linear relationships are assumed. Therefore, the experimental data should be interpreted with care (43, 45) . In this study, normal purity nitrogen (99.9%) was used as the nebulizing gas at a flow rate of 4.0 L/min. The gas pressure was 70 psi. The drift tube temperature was 40°C and the gain was set at 1. At these conditions, it was found that the injected GABA concentration range of 0.05-1.0 mg/mL resulted in a linear ELSD response with a correlation coefficient (r) 0.9994. As such, the concentration of GABA within this region and relative peak areas can be readily converted into relative concentrations.
Conclusion
A HPLC method using a HILIC column coupled with an evaporative light scattering detector appears to be very efficient for the detection and quantification of GABA in rambutan fruit without any pretreatment or derivatization step. This is one of the several advantages over other analytical methods that have been developed for the quantification of GABA such as HPLC-UV, HPLC-FD and GC-MS, which require complex procedures for precolumn derivatization. The present HPLC-ELSD method was found to be linear, sensitive, accurate, precise and selective. Furthermore, it was a simple and inexpensive method. The new method shows promise for the detection and quantification of GABA in other fruits and complex matrices when a sufficient quantity is available.
